Abstract Bone extract from reindeer induces new ectopic bone formation (BF) in muscle pouches, but its feasibility in experimental bone lesions has not been evaluated. We investigated the effects of implants, containing 2, 5, 15, 20 or 50 mg of reindeer bone extract in a collagen carrier, on the healing of 8-mm femur defects in 78 rats. We used 30 µg of recombinant human bone morphogenetic protein-2 (rhBMP-2) in a collagen carrier, collagen and untreated defects as controls. Bone healing was evaluated with radiographs, peripheral quantitative computed tomography (pQCT), biomechanics and histology. In comparison with empty defects, the groups receiving bone extracts showed more BF at three weeks and had better bone union (BU), larger mean cross-sectional bone area at the defect site in groups receiving higher doses of extract, showed greater torsional stiffness of the bones and higher maximum breaking load of bones at six weeks. In comparison to all other groups, in the rhBMP-2 group, BF and BU were best at the three-and six-week follow-up, bone area was largest and mechanical test results were best. Although rhBMP-2 is superior for new bone regeneration, native reindeer bone extract is also effective in the six-week follow-up period.
Introduction
Bone morphogenetic proteins (BMPs) are probably the most important growth factors in regeneration of bone and cartilage [1] . Bone extracts containing the growth factor fractions of native bone proteins include most of these BMPs. Thus, studies that aim to develop safe and effective products from native bone extracts can be justified, although favourable results in preclinical and clinical trials of products based on supraphysiological doses of a single recombinant BMP have been achieved [2] [3] [4] .
We have shown previously that bone extract purified from reindeer bones effectively induces ectopic new bone formation (BF) in vivo [5, 6] . The native reindeer bone extract has proved to possess better osteoinductivity than bovine or ostrich bone extracts, and it has been suggested that this is due to the fact that reindeers renew their antlers annually [7, 8] . Furthermore, it has been suggested that more of the protein material extracted from the reindeer bone is in monocomponent form compared to that from other species such as cattle, sheep or pigs [7] .
Despite modern surgical techniques, segmental long bone defects are often difficult to manage. For this reason, animals with segmental long bone defects similar to clinical defects have been used as models for assessing the efficacy of BMPs and carrier materials. The bone healing properties of reindeer bone extract have been previously evaluated in the rabbit radius [9] . However, the time-and dosedependent effects of reindeer bone extract have not been evaluated previously. Our hypothesis was that reindeer bone extract is capable of healing segmental bone defects in an animal model. We used the commercial recombinant human BMP-2 (rhBMP-2) product as a reference because its bone healing capacity with different scaffold materials is well known [3, [10] [11] [12] . We therefore addressed the following questions: (1) What is the effective dose of reindeer bone extract in a collagen carrier? (2) How much time is needed to heal critical-size bone defects (CSDs) in the rat femur with reindeer bone extract?
Materials and methods
The study protocol was accepted by the Institutional Ethics Committee on Animal Experiments.
Reconstitution of implants
A dose of 2, 5, 15, 20 or 50 mg of lyophilised reindeer bone extract (BBS Ltd, Oulu, Finland) was sprinkled onto a collagen sponge (35×8 mm for small amounts and 25× 25 mm for large amounts, Lyostypt compress from a native collagen of bovine origin, mainly type IV of bovine origin, B. Braun, Tuttlingen, Germany). The collagen sponge was soaked in 200 μl sterile water and the sponge with extract was bundled up to form an implant. The doses were chosen according to our previous studies [5, 6, 9] . The InductOs™ kit (Wyeth Europa, Maidenhead/Berkshire, UK) for the implant contained 12 mg of rhBMP-2 and solvent. The solvent was made according to the manufacturer's instructions just before the operation. A total of 20 μl of solvent, containing 30 μg of rhBMP-2, was pipetted onto the collagen sponge (Lyostypt) to form the implant. The dose of rhBMP-2 was determined according to the literature [2, 4, [10] [11] [12] . Control implants were constructed in an identical fashion, but they contained only the collagen carrier (Lyostypt).
Animals and study groups
One hundred and nine 2.5-month-old male Sprague-Dawley rats were used. Each animal was unilaterally treated with an implant, randomised into the following groups: (1) collagen +2 mg bone extract, (2) collagen+5 mg bone extract, (3) collagen+15 mg bone extract, (4) collagen+20 mg bone extract, (5) collagen+50 mg bone extract, (6) collagen+ 30 µg rhBMP-2, (7) collagen (the "collagen" group) and (8) no implant (the "untreated" group).
Twelve rats died on the night after the operation and two rats later on. No obvious cause for the deaths and no relation to the reindeer bone extract were found, as some deaths occurred in the control groups. Seventeen rats had to be killed due to the failure of fixation before the study endpoint. Thus, 31 rats were excluded, and 78 rats (eight rats in the group of 50 mg of bone extract and ten rats in each of the other groups) survived until the end of the study and were considered in the results. was applied to avoid dehydration of eyes during anaesthesia. A transverse skin incision was made over the posterior aspect of the thigh after shaving the hair around the left hind limb. The muscles were elevated circumferentially from the femoral diaphysis. A 23 mm×4 mm×2.5 mm polyacetyl plaster plate (POM, Vink Finland Ltd., Kerava, Finland) was placed on the surface of the femur. The plate was secured with a stainless steel holder, which had been designed for this operation (Technical Services Unit, University of Oulu). Four holes were predrilled for the plate and the femur through both cortices using a 0.7-mm hard metal bit. After drilling each pilot hole, a 0.8-mm Kirschner wire with a 5-mm threaded end (Synthes Oy, Helsinki, Finland) was inserted through the plate and both cortices. The part of the Kirschner wire that remained outside of the bone and the plate was snapped with the sidecutting pliers. Stability of the fixation was enhanced because some rats had problems with the failure of fixation after three weeks in groups 1, 2, 7 and 8. Thus, the plate length was extended by 2 mm, and six Kirschner wires were used in groups 3-6.
An 8-mm diaphyseal CSD was created using the stainless steel mini burr bit attached to the hand piece of the drill. After a thorough wash with saline, the implant was applied to the defect, or the defect was left empty for controls. The muscles and skin were closed in two layers, using a sterile synthetic absorbable surgical suture, 4.0 Dexon. The animals were allowed full activity in their cages postoperatively. After six weeks, the rats were killed in a chamber with carbon dioxide (CO 2 ).
Radiographic evaluation of BF
Radiographs of the left femur (26 kV, 9.00 mAs, 0.09 s/ exposure, Mamex dc® ami, Orion Ltd., Soredex, Helsinki, Finland) were taken postoperatively and at three and six weeks ( Fig. 2a-h ) after the operation under neuroleptic analgesia (Hypnorm-Dormicum®, 0.7 ml). These time points were based on the results of a study demonstrating increasing BF with BMP-7 [13] . Radiographs were evaluated with Osiris 4.19 software (Digital Imaging Unit, Geneva, Switzerland). The percentage of orthotopic new BF and the development of union or non-union of the bone (BU) were estimated as previously described [9] according to the scoring system presented in the study of Sciadini et al. [14] .
Computed tomography
After the soft tissues were removed from the bone, all left femurs were scanned using a peripheral quantitative computed tomography (pQCT) device (Stratec XCT 960 A, 5.21 software version, Norland Stratec Medizintechnik GmbH, Birkenfeld, Germany). A voxel size of 0.148 mm × 0.148 mm × 1 mm was used. One crosssectional slice from the middle of the defect in each sample was scanned in two directions: with the fixation system above the bone and turned 90°axially. Average values of the two scans were used in the statistical analysis. Crosssectional bone areas (mm 2 ) from the scanned slices of the samples were recorded, using the pQCT software, with a threshold of 169 mg/cm 3 to distinguish bone from surrounding soft tissue and a threshold of 464 mg/cm 3 for the inner surface of the bone.
Mechanical tests
After pQCT imaging, the fixation system was removed from the samples. The bone ends were embedded into the moulds of the sleeves with dental stone (GC Fujirock, Improved Dental Stone, G-C Dental Industrial Corp., Tokyo, Japan). The torsional shaft was adjusted to 2 cm. After the cast hardened, the samples were placed in the torque machine and torsionally loaded at a constant angular speed of 6°/s until failure. Maximum breaking load (Nm) and torsional stiffness (Nm/°) were recorded [15] . Mechanically unstable bones were not tested, and their values were considered to be zero in the statistical analysis.
Histological examination
After mechanical tests two samples of every group were prepared for histology. The specimens were fixed in 10% neutral buffered formalin, decalcified in ethylenediaminetetraacetate (EDTA)-formalin solution (pH 7), processed in a tissue processor and finally embedded in paraffin. Slices with a thickness of 4.5 μm were prepared using a microtome and stained with haematoxylin and eosin. The quality of new bone and inflammatory response in the defect site were evaluated in histological analysis by light microscopy (Nikon Eclipse E200, Tokyo, Japan).
Statistics
Statistical analysis was performed using the SPSS for Windows statistical package (SPSS Inc., version 15.0). The non-parametric Kruskal-Wallis test was used to evaluate the statistical differences between the groups. The Mann-Whitney test was used for pairwise comparison between extract and rhBMP-2 groups and the collagen and untreated groups. Values of p <0.05 were considered statistically significant. Results of pQCT and mechanical testing are given as medians and quartiles. Results of radiographic assessment are given as cross tabulations.
Results
Collagen is widely used in rhBMP products and is also a promising carrier alternative for reindeer bone extract. Typical radiographs showing new BF in the different study groups after six weeks are shown in Fig. 1 . BF at the defect site was greater at three and six weeks in all bone extract groups (p< 0.05) when compared to the untreated and collagen groups, (except for the group of 2 mg bone extract) in comparison with the untreated control at three weeks (Table 1) . In this study BF showed a clear dose dependency, but only the difference between the groups with 2 and 20 mg of bone extract reached the level of significance (p=0.030) ( Table 1) . BU in three weeks was better in the groups receiving 5, 20 or 50 mg of extract than in the untreated or collagen groups (p< 0.05). In six weeks, BU was better in the groups with 5 or 50 mg of bone extract than in the untreated group (p<0.05), and also better in the groups with 5, 15 or 50 mg of bone extract than in the collagen group (p<0.05) ( Table 2 ). There were no significant differences in BU between the groups receiving various amounts of bone extract. BF and BU were better in the commercial rhBMP-2 group than in any of the other groups both three and six weeks after the operation (p< 0.001) ( Tables 1 and 2 ).
In biomechanical testing maximum torsional load of the bones (Nm) was significantly higher in the groups receiving 2, 20 or 50 mg of bone extract than in the collagen group (p<0.05) ( Table 3) . Stiffness of the bones (Nm/°) was significantly higher in the groups receiving 2, 15, 20 or 50 mg of bone extract than in the collagen group (p=0.046 to p=0.004) ( Table 3) . Maximum torsional load in the rhBMP-2 group was the highest of all groups (p<0.05). Stiffness of the bones in the rhBMP-2 group was higher than in the control groups and most bone extract groups (p<0.05) ( Table 3) .
pQCT showed cross-sectional bone areas to be greater in the groups that received 15 to 50 mg extract than in the negative control groups after 6 weeks (p=0.019 to p< 0.001) ( Table 3) . Cross-sectional bone area in the rhBMP-2 group was the greatest compared to the other groups (p< 0.001) ( Table 3) .
Descriptive histology examination showed no new BF, only fibrotic tissue, in the specimens of the negative control groups. New BF was seen in the specimens of the groups receiving reindeer bone extract or rhBMP. The most abundant BF and BU were seen in the specimens of groups receiving 20 to 50 mg extract and in rhBMP groups which showed hypertrophied and calcified chondrocytes, remodelling ectopic trabecular woven bone and bone marrow. No inflammatory reaction was seen (Fig. 2) .
Discussion
In this preliminary study, we investigated the time-and dose-dependent effects of reindeer bone extract and compared the results with rhBMP-2, as a positive control, and untreated or collagen treatment as negative controls. Reindeer native bone extract was able to heal the criticalsize segmental bone defect in six weeks, and significant BF was observed already after three weeks.
This study shows the healing capacity of bone extract in the segmental bone defects in the rat. In this study, we used different amounts of native reindeer bone extract (2-50 mg). BF capacity was superior with as little as 2 mg bone extract, compared to the negative control groups. Pekkarinen et al. used 5 and 10 mg of non-sterilised reindeer bone extract in rabbit radius. These amounts healed the defect much better than the controls after eight weeks follow-up. The 10 mg of bone extract group had significantly higher mean stiffness than the collagen group [9] . Our results confirm previous results, which showed that reindeer bone extract has good osteoconductivity both in [5, 6, 9] . It is known that the animal and fracture models, delivery systems and route of administration influence the dose response in bone healing studies [16] . Above a certain threshold, BF cannot be further enhanced as was seen in this study. The minimally effective doses of native reindeer bone extract appear to be between 2 and 5 mg in this study and with this scaffold model. New BF was seen in all specimens containing reindeer bone extract or rhBMP, but the most abundant BF and BU were seen in the specimens of 15 to 50 mg extract. Furthermore, the area of healed new bone at the defect site increased at the doses of 15 mg of extract or more, which might support the use of the higher doses. rhBMP-2 was included in the comparisons because the bone healing capacity of rhBMP-2 has been well documented and it has received approval from the US Food and Drug Administration (FDA) [10] [11] [12] . The BF capacity of rhBMP-2 in the rat femur segmental defect model was superior compared to the negative control groups and to the reindeer bone extract groups. This was seen in both radiographic assessment and cross-sectional bone area evaluated by pQCT. In most cases of bone treated by 30 µg rhBMP-2, the dose was too high, causing new bone area to overgrow. The minimum effective dose of rhBMP-2 in rat femur bone healing was difficult to predict because the amounts of rhBMP-2 used in rat studies with collagen as a carrier have ranged from 0.5 to 200 µg [2, 10, [17] [18] [19] .
The doses of native bone extracts used are milligrams compared to recombinant products that are in micrograms. This is because the bone extracts and demineralised bone matrix products involve a wide spectrum of all bone proteins and collagens, while recombinants have only one specific protein with a specific task in bone regeneration Table 3 Bone healing in the defect area of rat femur after 6 weeks as evaluated by pQCT densitometry and mechanical testing [20] . The difference in the response of recombinant and native reindeer extract might partly be explained by the different effective doses, and more studies on the optimal dosing are needed. Reindeer bone protein extract as an animal-derived bone tissue extract is very similar in composition, method of manufacture, and intended use and application. The closest comparable products are Colloss® and Colloss® E, demineralised bone extracts made from bovine and equine bone, and human demineralised bone matrix (DBM) products [20] . These could act as better and more closely related reference material than rhBMPs.
The strength of long bones can be measured by torsional testing. This test is suitable because it loads the bone equally in every section along its length and it is not critically dependent on bone geometry. Maximum breaking load (Nm) and stiffness (Nm/°) of the bones were significantly higher in most groups receiving extract than in the collagen group. The group receiving 30 µg of rhBMP-2 had better results on mechanical tests than the negative controls or the bone extract groups. We suppose that six weeks follow-up was not sufficient for complete healing with the native reindeer extract. In the bone extract groups, there was new BF on the bone ends, but BU in the radiographs and preparations of the bones was insufficient and this has an effect on pQCT and mechanical stiffness results. Even those cases that received rhBMP-2 had not fully healed in six weeks, because the bone bridges over the defect were outside it. This was seen in both macroscopic evaluation and histological examination. A longer followup could more clearly show this effect.
Surprisingly, the effect of native reindeer bone extract in the rat femur defect model was not as good as in the rabbit ulnar defect model owing to differences in animal species and experimental model [9] . It could also imply that native reindeer bone protein extract is immunogenic for the rat model [11, 21, 22] . In some studies nude rats have been used to obviate problems of immunogenic reactions to xenografts [23, 24] .
In our study, despite a well-planned fixation model, the fixation was not sufficiently mechanically stable in some cases. In these cases of groups 1, 2, 7 and 8, the fixation broke during the first three weeks of treatment. However, there were no more fixation breakages six weeks after the operation. The object was that fixation stayed stable during follow-up. Thus, fixation in groups 3-6 was obtained by increasing the length of the polyacetyl plate by 2 mm and fixing the plate to the bone with six, rather than four, Kirschner wires. However, we do not consider that this modification significantly changed our results. Rats with fixation problems had to be killed before the study period was completed for humane reasons. In this study, many rats also died after the operation without any obvious cause, and no relation to bone extract could be inferred because such deaths also occurred among the controls. The deaths may have been reactions to anaesthesia, although the anaesthetic medicine and method we used are accepted in animal testing.
More than 20 BMPs have now been described and about ten of them have functions in different phases of bone healing [1] . Thus, it is possible that using a combination of different BMPs is the most desirable approach in clinical applications [25] . Because reindeer bone extract is a mixture of different BMPs, growth factors and other bone forming proteins, its bone healing capacity is ideal. In future our aim is to produce a formulation of native reindeer bone extract that could be used in clinical treatment of bone defects and injuries.
In conclusion, although rhBMP-2 has superior results in new bone regeneration, native reindeer bone extract is also effective in healing the CSD in the six-week follow-up period. More dose time and formulation studies of the native reindeer bone extract are required before the clinically optimal dosing can be determined.
